In the present study, a calcium-and nickel-doped yttrium chromates (YCCN)-based, conductive-protective layers for metallic interconnects used in the intermediate-temperature solid oxide fuel cells (IT-SOFCs) were investigated. Synthesis of Y 0.8 Ca 0.2 Cr 12x Ni x O 3 (x = 0; 0.15 and 0.3) powders was performed using a wet chemistry method with two different complexing agents: ethylenediaminetetraacetic acid and glycine. Based on the result of thermal analysis of obtained precursors, optimal conditions of the calcination process were determined. Powders were then milled, compacted and sintered at different temperatures using free sintering method, into series of dense, polycrystalline sinters. The use of glycine precursor allowed obtaining a single-phase material in all cases. Based on the electrical and sintering properties, the Y 0.8 Ca 0.2 Cr 0.85 Ni 0.15 O 3 material was selected for further studies. It was deposited using cost-effective screen-printing method on the Crofer 22APU ferritic stainless steel. To investigate properties and suitability of the resulting layer/steel system for IT-SOFCs applications, the high-temperature, dual-atmosphere studies were carried out for the first time for ceramic/metallic system, in conditions as close as possible to actual working conditions of the fuel cell. The layer exhibited high stability and good protective properties. The area-specific resistance of the studied ceramic layer/metallic substrate composite was determined, with the obtained value of 0.0366 X cm 2 being within the arbitrary limit set for these materials (0.1 X cm 2 ). The results show that the investigated materials are suitable for the projected application.
Introduction
In the era of growing demand of worldwide energy, the solid oxide fuel cells (SOFCs) are considered to be highly promising devices that might become efficient sources of electrical energy and heat in the future. Their main advantages are very high energy conversion efficiency and relatively low emissivity, which makes them very attractive for countries characterized by highly industrialized economy, such as Japan, Germany or Scandinavian countries. The efficiency of these devices strictly depends on the properties of the applied materials and construction of the cells. Since singular fuel cell does not offer adequate voltage and current density, single cells are grouped in stacks to multiply these parameters. Materials for interconnects are chosen accordingly to very rigorous requirements such as value of thermal expansion coefficient compatible with those of the other cellÕs components, gas tightness, high electrical and thermal conductivity, good mechanical properties in elevated temperatures and chemical stability in the working condition of fuel cell. Due to the high-working temperatures of the cells, the first choice for materials for interconnects was lanthanum chromites materials such as LaCrO 3 ; (La,Sr)CrO 3 ; (La,Mg)-CrO 3 (Ref 1, 2) . The main problems with these materials are their low gas tightness, moderate mechanical properties and very high cost of production. The reduction of SOFC operating temperatures to the 600-800°C range made it possible to employ cost-effective metallic interconnects such as ferritic stainless steel (FSS) (Ref 3) , which are currently intensively studied as potential interconnect materials for IT-SOFCs due to their low cost, ease of production and favorable mechanical properties. FSS interconnects are exposed to the aggressive environment of both air (on the cathodic side) and hydrogen/ steam (on the anodic side) atmospheres in the mentioned temperature range, which severely deteriorates their electrical and mechanical properties, due to the formation of a chromia scale with low electrical conductivity on the metallic surface. In order to limit the influence of this phenomenon, ceramic-based conductive-protective layers are used (Ref 4) . Their main task is to improve the electrical properties of the interconnects over the time of fuel cell action by both reducing the oxidation rate of the metallic base and increasing the electrical conductivity of the metal/ceramic system. Calcium yttrium chromate (Y 0. 8 materials are applied methods of powders preparation and conditions of sintering process. In Table 1 , a short review of the methods used in synthesis of these materials is presented. As it can be seen, the most commonly applied method of synthesis of YCC and YCCN materials is the one in which glycine is used as a complexing agent in the solgel process.
As indicated by the previously published studies, the upper limit of doping of YCC materials with calcium is about 23-24 at.%, as introduction of Ca in higher amounts into the structures leads to the decrease in chemical stability due to the formation of additional CaCrO 4 phase (Ref 5 6 ).
In the current paper, a synthesis of YCC-YCCN compounds, with the doping amount of nickel being, respectively, x = 0; 0.15; 0.3, was conducted by means of a wet chemistry method that utilized two different complexing agents: EDTA and glycine. After optimization of sintering process, all materials were studied with respect to their electrical properties. Influence of the excess amount of Ni was investigated as well. Resulting materials were then studied in a form of coatings on the FSS substrates in the dual-atmosphere setup to simulate the actual conditions of the working fuel cell.
Experimental
To synthesize the ceramic powders of perovskite-type structures, two different ''soft chemical route'' methods were selected. The biggest advantages of such approach are: control over the grain size and the purity of the multicomponent systems, small variance of the grain sizes and high homogeneity of the final product.
The composite consisting of YCCNs layers and Crofer 22APU Ferritic Stainless Steel base was obtained using the screen-printing method. [The chemical composition of the used steel is presented in Ref 16] The method was chosen based on its simplicity, universality and low cost in comparison with other methods.
Powder Synthesis and Sinter Preparation
The synthesis of Y 0. 8 powders was carried out using two variants of a wet chemistry method with different chelating agents: EDTA (referred to as the ''EDTA method'') or glycine (referred to as the ''glycine method''), respectively. The procedures used to prepare the above-specified powders are illustrated in Fig. 1 . Initial ingredients used for metal-organic precursors preparation were procured in the 99.99% purity grade from Sigma-Aldrich and Avantor PMP.
The obtained precursors were studied with the use of DTA-TG method (differential thermal analysis and thermogravimetry-using NETZSCH STA 449 F3) to determine optimal conditions of further thermal treatment. The samples were heated with the use of alumina crucible in a synthetic air atmosphere (10 dm 3 h À1 flow), with the heating rate of 10°C min
À1
. The experimental temperature range was 22-1050°C.
After calcination procedure, which parameters were determined based on the DTA-TG results and XRD measurements (see section 3.1), powders were firstly dried in the room temperature and then formed into pellets, using the uniaxial pressing method in a rigid form under the pressure of 100 MPa. The final pressing was performed using cold isostatic pressing method (CIP) under the pressure of 250 MPa. After calcination, milling and compacting the powders were sintered at a temperature of 1600°C for 1 h in air, and a number of dense, polycrystalline sinters were obtained. They were in a form of pellets of 10 mm diameter and thickness varying from 2 to 3 mm. The influence of the composition of Y 0.8 Ca 0.2 Cr 1Àx Ni x O 3 sinters on their physicochemical properties was analyzed based on the results of XRD, SEM-EDS and electrical conductivity measurements, with possible applications as conductive coatings considered to be the main criteria.
Preparation of the Coatings
The pastes for the screen-printing method were obtained through mixing of the chosen fine-grained perovskite powder with the organic carrier in a mass ratio of 5:1. As an organic carrier, a 5% solution of ethyl cellulose in terpineol was used. The prepared pastes then were homogenized and their viscosity was adjusted if necessary, through the content of organic support.
After obtaining, the paste was deposited on both sides of the previously prepared Crofer 22APU sample (final grinding with SiC paper grit 600; cleaning in the ultrasonic bath; cleaning with acetone). The coating was deposited using manual screen printer, with the 42-mesh screen.
Coated samples were dried for 2 h in 90°C and then thermally annealed in the air atmosphere. The latter process was conducted in two stages. The first one was conducted at temperature of 600°C (heating rate 1.5°C min À1 ), with its main goal being vaporization/burning of the organic solvent. After 1 h of isothermal annealing, the samples were cooled down to room temperature at rate of 2°C min À1 . During the second stage, the samples were heated again in Ar-H 2 -H 2 O mixture to 1000°C and kept in this temperature for 10 h. Finally, they were cooled down to room temperature at a rate of 5°C min À1 .
Dual-Atmosphere Exposure: Experimental and Setup
The studies of the physicochemical properties of the coating/substrate layered system were conducted in single atmospheres, namely synthetic air and Ar-H 2 -H 2 O mixture, but also in a dual Ar-H 2 -H 2 O/air atmosphere setup [shown elsewhere (Ref 17, 18) ], which consists of a reaction furnace, two quartz tubes (which allowed to create two different, separate atmospheres on both sides of the examined samples), gas flowmeter system and a water vapor saturator. The most important experimental parameters for both types of investigations are presented in Table 2 .
Experimental Methodology
The phase composition of the powders, bulk samples and metal-ceramics layered systems was analyzed by means of the PANalytical XÕPert Pro PW 3710 XÕCelerator using CuK a radiation, collected over a 2H range of 20°-90°at scan rate of 0.008°and 80 s. count. Qualitative and quantitative analyses of the samplesÕ compositions were conducted using XÕPert HighScore Plus 2.0, Crystal Impact-Match!2 and CrystalDiffract Ò 6.0.5. (with PDF-2 ICDD database) software. Scanning electron microscopy (FEI Nova NanoSEM 200; JEOL JSM-6610LV) coupled with an EDAX Genesis XM xray microanalysis system was used to examine the morphology and chemical composition of the studied samples. The rheological characterization of YCC-YCCN powders was performed based on the grain size distribution and BET specific surface area measurements (Brunauer-Emmett-Teller-using Nova 1200e Quantachrome Instr., adsorption of nitrogen). The electrical conductivity of the sinters and electrical resistance of coated steel were measured using the DC 2-probe 4-point-HP 34401A multimeter with a constant current of 10 mA and within temperature range: 500-800°C for sinters and coated/ uncoated steels, and, in addition, at 800°C in the case of longterm (200 h) measurements taken for coated/uncoated steels. The electrical resistance of oxidized coated/uncoated steels is usually measured in terms of its area-specific resistance (ASR), which is defined as the product of resistance and nominal contact surface area of the oxide and steel. Due to the symmetrical design of the test, the area-specific resistance of the samples was calculated based on the obtained resistance values using the following formula:
where R-electrical resistance [X], and A-surface area of the Pt layer [cm 2 ]. Samples for long-term ASR measurements were separately oxidized before the measurements for 50 h at temperature of 800°C [which was explained elsewhere (Ref 19) ]. For this kind of examination, both sides of sinters and composite systems were coated with Pt paste using screen-printing. The apparatus and the methods used for measuring electrical resistance are described in Ref 20 . The sinters were also investigated using electrochemical impedance spectroscopy (EIS) method. In this case, the measurements were conducted in the air atmosphere at temperatures varying from 25 to 800°C, using potentiostat-galvanostat Metrohm AutoLab type PGSTAT302 N in a frequency range 1 mHz to 1 MHz. During measurement, the thermodynamic equilibrium was assumed, with the values of resistance being constant in a function of time at given temperature. 
Results and Discussion

Optimization of Calcination Parameters
The results of the DTA-TG measurements are shown in Fig. 2 . Based on the shape of obtained TG curves (Fig. 2a) , all organic precursors, obtained with the use of EDTA as chelating agents, decomposed into the desired compounds with overall weight loss of approximately 90 wt.%. Small endothermic effects suggest loss of water at the early stages of heating, while the presence of big, exothermic peaks could be related to the oxidation of the organic precursors. The weight did not change any further in case of all examined samples, after occurrence of the last exothermic peak in the range of 300-340°C.
In the case of compounds obtained with the usage of glycine (Fig. 2b) , all samples were dried out for 24 h in 120°C to remove the water from the hydrated coordination complexes. The DTA of these samples was conducted directly after the drying process, due to their highly hygroscopic properties. In the temperature range of 153-180°C for each of the examined compounds, a single exothermal peak is observed, which position is strongly correlated with the drastic loss of mass observed on the TG curve. However, it should be noted that the loss of mass in each case continued up to a temperature of about 600°C. The total mass loss in the samples obtained by glycine method varies from 73 to 79%.
Based on the DTA-TG results, optimal conditions of thermal treatment for precursors obtained by both described methods were found. For the precursor obtained by means of the glycine method, it was necessary to use temperatures in excess of 600°C. In the case of precursor obtained by EDTA method, the optimal thermal conditions were found to be higher than 350°C.
The choice of optimal calcination parameters was based on the result of XRD phase composition studies of samples calcinated for 10 h in temperatures: 800, 900, 1000, 1100 and 1200°C. Materials with the Ni content x = 0 and 0.15 obtained via glycine method were found to be stable in the temperature range of 800-1200°C, exhibiting single-phase structure. In the material with x = 0.3, additional Y 2 O 3 and NiO phases were detected. In the case of materials obtained using EDTA method, the samples with x = 0.15 and 0.3 were found to be unstable. The detailed discussion of these results is presented in section 3.1. For further studies, powders calcinated in 1200°C (materials for sintering) and 1000°C (materials for coatings) were selected, with the latter value being dictated by reaching the limit of free sintering (Ref 6).
Morphology Characterization and XRD Phase Structure Analysis
In order to obtain information on the shape and size of grains and their degree of agglomeration in powders with a perovskite structure, observations of their morphology were made using scanning electron microscopy as shown in (Fig. 3a,  b , and c). On the other hand, the powders obtained with the use of the glycine method and after similar thermal treatment as in the previous case consisted only of spherical grains, with their diameter in the range of 0.29-1.33 lm (Fig. 3d, e, and f) . What is more, in the powders obtained with the use of glycine a macroscopic change in morphology can be observed, which indicates the start of the sintering process.
In Table 3 , the results of the BET specific surface area measurements, crystalline size based on the XRD results [estimated with the use of Scherrer equation (Ref 21)] and the size of grains estimated from the SEM observations are summarized, for materials obtained by both EDTA and glycine methods and calcinated at 1200°C for 10 h in air. The calculated crystallite size with a minimum of 20 reflections assigned to the YCrO 3 phase for each sample is in the range from 34 to 50 nm, with the typical size for the majority of measurements being around 48 nm. The relatively high degree of variation in the value of single measurements of crystallite sizes, especially for the EDTA method, indicated the deviation from the spherical shape of the crystallites.
The morphologies of the sinters obtained from powders prepared by means of both EDTA and glycine methods and Fig. 4(b) . This may be an indication that more than one phase occurred within the system. The sinters obtained using glycine method exhibited completely different morphologies in comparison with the previously described polycrystalline materials (Fig. 4d, e, and f) .
Independent of the nominal chemical compositions, all materials obtained using the glycine method had welldeveloped grains of characteristic isometric shape. What is more, in contrast to the previous group of sinters, in this case only a few inter-agglomerate pores were observed. On the surface of the Y 0.8 Ca 0.2 Cr 0.7 Ni 0.3 O 3 sinter (Fig. 4f) , additional irregular crystals (probably NiO phase) were sporadically observed.
The observed higher grain refinement of the sinters obtained using the glycine method was slightly surprising considering the results of specific surface area BET measurements, which indicated that the powders obtained by EDTA methods are characterized by larger surface area (in the range of 2.28 ± 0.07 to 6.69 ± 0.04 m 2 g À1 ), while the value for the powders obtained for glycine method was in the range of 1.57 ± 0.06 to 3.99 ± 0.04 m 2 g À1 . The main reason for such discrepancy can be attributed to the tendency of fine powders, obtained by glycine method, toward agglomeration, which was confirmed by SEM observations. Figure 5 shows the diffraction patterns for powders calcinated for 10 h in air at 1200°C and for sinters obtained from these powders, sintered for 1 h in air at 1600°C. Based on the ex situ phase analysis of powders obtained by means of EDTA method, it can be said that all examined materials exhibited multiphase composition (Fig. 5a) . The main phase observed in all materials synthesized by both methods was the orthorhombic YCrO 3 one (Fig. 5a and b) . Besides, the following phases were also identified: NiO (in compounds with x = 0.3, a result of substitution limit for nickel), tetragonal 
Both CaCr 2 O 4 phases, which presence is unfavorable from the point of view of electrical conductivity (especially the b phase), decomposed during sintering in 1600°C. In the case of the compound undoped by nickel, the decomposition/desolution of CaCr 2 O 4 phases was practically complete. In the case of compound with nickel content of x = 0.15, a partial decomposition was observed, while for the compound with x = 0.3 no visible changes were recorded. This situation is especially interesting, as in the temperature range of 1570-1600°C a phase transformation of CaCr 2 O 4 from orthorhombic (b) to tetragonal (a) phase is reported (Ref 22, 23) .
The occurrence of additional phases in compounds synthesized using the EDTA method is rather surprising, considering the number of successful synthesis of other similar perovskites and spinels [e.g., Mn 1+x Co 2Àx O 4 (x = 0-1. , both powders and sinters obtained using glycine method were characterized by orthorhombic structure. Based on the results of XRD analysis (Fig. 5b) , it can be said that the pure Using the relation between intensity of refracted beams and quantity of the given phase in the measured sample, a content of each phase in all examined compositions of Y 0.8 Ca 0.2 Cr 1Àx Ni x O 3 powders, calcinated for 10 h in 1200°C in air atmosphere, was evaluated using software for phase identification mentioned before. The results are presented in Table 4 .
Electrical Properties
The studies conducted using DC 2-probe 4-point technique revealed that the electrical conductivity of all sinters increased with the temperature increase, confirming their semiconducting character. At the temperature of 800°C, which is close to the working conditions of SOFCs, the sample characterized by the highest electrical conductivity of 50.3 SAEcm In Fig. 6 , the temperature dependence of the electrical conductivity of all examined Y 0.8 Ca 0.2 Cr 1Àx Ni x O 3 sinters (x = 0; 0.15; 0.3, both methods of synthesis, calcination for 10 h at 1200°C, sintering for 1 h at 1600°C) is presented.
Using the Arrhenius relation for the electrical conductivity in a form presented below, it was possible to calculate the activation energy of the process:
where r-electrical conductivity of the sinter [
After taking the logarithm of both sides of Eq 3, a following equation is obtained:
Presenting the data using the Arrhenius plot, the slope of the line (equal to E a /k in this case) was estimated using the linear regression. Based on this, the energies of activation for each case were found. In all cases, measuring error of energies of activation does not exceed 0.01 eV. Their values are presented in Table 5 .
As it can be seen, the values of activation energy at temperatures below 700°C are significantly lower than for temperatures higher than 700°C, with the exception of the two sinters that had been obtained via the EDTA method and had compositions corresponding to x = 0 and 0.3. This may be a result of the change in the electrical conductivity mechanism, for example, from the grain boundary mechanism to the conduction through the bulk of the grains. In general, the first type is characterized by lower energies of activation and occurs in the low temperature range, which is in agreement with the presented results. Furthermore, it can be seen that in the case of EDTA, a change in the activation energy is associated with increasing nickel content.
To the further studies, including the test of coating/metallic substrate layered systems, only the Y 0.8 Ca 0.2 Cr 0.85 Ni 0.15 O 3 compound was selected, due to its preferable electrical properties. While at this stage it was clear that the sinter obtained using glycine method was characterized by better properties, both sinters of this type were further investigated for comparison.
The studies using electrochemical impedance spectroscopy method (EIS) were conducted on both Y 0.8 Ca 0.2 Cr 0.85 Ni 0.15 O 3 sinters, prepared by both previously described methods (EDTA and glycine), calcinated for 10 h in 1200°C and sintered for 1 h in 1600°C. The data were analyzed using the equivalent circuit method, which allowed extracting the basic electrical properties and separating contributions of different phases. Firstly, the form of equivalent circuit was proposed; then, using the optimization methods (least square errors + conjugate gradients) parameters of each electrical element were determined. The applied equivalent circuit allowed very close approximation of the experimental data.
In Fig. 7(a) , an exemplary set of spectra, measured at low and medium temperatures for the sample obtained using EDTA method, is presented. In this case, the equivalent circuit was postulated in a form of series circuit of two parallel RC connections. Additional resistor was added to compensate for the resistance of the experimental setup. (The capacity effect was deemed to be negligible.) Each RC circuit was used to Table 5 Activation energy of electrical conductivity determined for the examined sinters 3284-Volume 27(7) July 2018mimic the properties of a different phase: the first one described properties of YCrO 3 and the second of CaCr 2 O 4 . Such interpretation is also consistent with the result of XRD, which showed that both these phases coexist in the measured sample. In the case of the sinter, based on the glycine method obtained powders, analogical studies were conducted. The exemplary spectra for this sample are presented in Fig. 7(b) . In this case, an extremely simple equivalent circuit was postulated, in a form of series connection of resistor (describing properties of the experimental setup) and parallel RC circuit (sampleÕs properties), giving an excellent fit quality. The EIS results confirmed the results of XRD analysis, showing that only one main phase is present in the sample, namely the YCrO 3 .
Based on the obtained data and using Eq 4, the electrical conductivity was calculated for each phase in both studied samples. Using the Arrhenius relation (Eq 2), the energies of activation were calculated for each phase. The results are presented in Fig. 7 and summarized in Table 6 .
The obtained values of energies of activation show the importance of the base YCrO 3 perovskite phase in terms of general electrical properties of the examined compounds, as well as the inferior electrical properties of CaCr 2 O 4 phase.
General Properties of the Conductive-Protective Coating System
To obtain dense, uniform coating, a screen-printing method, combined with the suitable thermal treatment, was used. The details are described in section 2.2. After deposition on the metallic substrates, all coatings were characterized by good macroscopic properties: uniformity of thickness and color, as well as lack of cracks.
The main part of studies was conducted in a condition close to the working environment of the solid oxide fuel cells to properly assess the potential of the investigated materials in the role of conductive-protective coatings. The oxidation tests were carried out in dual-atmosphere setup at temperature of 800°C for 250 h. It should be noted that to the best of authorsÕ knowledge, this was the first time when dual-atmosphere studies were conducted on the layer/steel system instead of studies on the pure metallic substrate.
Despite the presence of high gradients of chemical potential of both oxygen and hydrogen, no significant structural changes were observed within the layer or on the coating/substrate interface. The XRD results shown in Fig. 8(a) clearly indicate the lack of phase transitions and single-phase structure within the whole volume of coating.
Studies of morphology combined with the EDS results, which are visible in Fig. 8(b), (c) Supplementary Fig. 10 (included in a separate document) shows the EDS line scan profile from the sample annealed for 250 h at 800°C in a dual atmosphere corresponding to the air side of a SOFC. Results are consistent with the results of EDS point measurements.
The observed structure was characterized by relatively high porosity and consisted mainly of irregularly shaped grain agglomerates of size 5-15 lm. Based on the SEM observations, the size of grains was estimated to be between 0.1 and 0.8 lm (Fig. 8d and e) . The appliance of screen-printing method resulted with thick, porous layer characterized by good adhesion to the metallic substrate. Observations of the cross sections of coating/substrate systems oxidized in dual-atmosphere conditions allowed to determine the thickness of the ceramic coating after the process, with the values varying from 60 to 100 lm ( Fig. 8d  and e) (Ref 27, 28) . It is possible that in our case analogical processes took place.
To examine the suitability of the perovskite coating for the surface modification of ferritic stainless-steel Crofer 22APU in the role of protective-conductive layer for interconnects, measurements of the area-specific resistance (ASR) were taken for two different systems: oxide scale/Crofer 22APU and Y 0.8 Ca 0.2 Cr 0.85 Ni 0.15 O 3 coating/Crofer 22APU. The measurements were taken in the air atmosphere, using a DC 2-probe 4-point method. Based on the measured resistance of the examined systems, their area-specific resistance was calculated from the relation shown in Eq 1.
In Fig. 9(a) , a temperature dependence of the determined ASR values for both systems is presented. As it can be seen, in the low-to-medium temperature range (up to 575°C), the ASR of the scale/uncoated steel system was much higher, although it was quickly decreasing with the increasing temperature. In the case of layer/steel system, the behavior was extremely different, with the ASR being nearly constant within the whole examined temperature range, with only slight decrease in its value in the high temperature range being visible. It should be noted that the ASR of the coated steel was lower than for the uncoated one within the temperature range of interest, although the differences at temperatures higher than 725°C were very small. At temperature of 800°C, values of area-specific resistance for both scale/steel and Y 0.8 Ca 0.2 Cr 0.85 Ni 0.15 O 3 layer/steel system were, respectively, 0.037 X cm 2 and 0.0368 X cm 2 . It is worth mentioning that influence on ASR value has also a number of factors related to physical phenomena, mainly caused by: chemical heterogeneity of the material (oxidant-associated formation of easy conductive paths, diversified microstructure of the material and polarization effects at the phase boundaries).
The values of ASR were also measured at constant temperature of 800°C in air atmosphere as a function of time. After oxidation for 200 h, results (presented in Fig. 9b ) indicated that for the whole duration of measurement, the value was at a constant level of 0.0366 X cm 2 , which is far below the acceptable limit (0.1 X cm 2 ) (Ref 4). High potential of the examined coatings for their projected application is confirmed by comparison of the measured ASR values with results obtained for other ceramic/metallic systems dedicated for IT-SOFC applications after similar experimental time ( Table 7 ). The improvement of electrical properties may not look substantial in comparison with the pure scale/Crofer 22APU. However, it should be remembered that due to the protective qualities of chemically stable coating, the difference would be much more visible in favor of the Y 0.8 Ca 0.2 Cr 0.85 Ni 0.15 O 3 /Crofer 22APU system if longer times of operations were considered. It should also be noted that presented results were obtained using a simple screen-printing method. The appliance of more advanced methods, such as pulsed laser deposition, should allow further improvement of the electrical properties.
Conclusions
As a result of the studies, a steel/layer composite system suitable for the application in IT-SOFCs interconnects was created. The first-time application of YCCNs materials in the role of conductive-protective layers for ferritic stainless-steel substrates was proved to be successful. The presented studies allowed selecting the optimal synthesis method, composition and thermal treatment of the perovskites, showing how greatly the properties of these materials can be affected by mentioned factors. The usage of glycine as a chelating agent led to much better final materials, characterized by single-phase structure and good electrical properties.
The usage of cost-effective screen-printing method allowed creating a sufficiently solid layer on the metallic substrate, which exhibited both protective and conductive properties. The electrical properties determined by the ASR (areaspecific resistance) measurements are well within the limits for the conductive-protective layers, with the ASR value equal to 0.366 X cm 2 , even after prolonged annealing. The fact that the layers proved satisfying despite usage of the rather simple method of deposition suggests that the potential of these materials may be very high, and introduction of more advanced deposition methods such as pulsed laser deposition (PLD) or physical vapor deposition (PVD) may lead to further improvement of their mechanical and electrical properties (i.e., due to the obtaining of thinner, denser layers).
